High-quality data on liver cancers by probable cause are scarce in many regions of the world. The United Nations recently set a goal of eliminating viral hepatitis as a major public health threat by 2030. We aimed to estimate the number of new cases of cancers attributable to hepatitis B virus (HBV) and hepatitis C virus (HCV) at a global, regional and country level, and by development status. We used data on the prevalence of HBV and HCV in hepatocellular carcinoma from a systematic review including 119,000 cases in 260 studies covering 50 countries. A statistical model was constructed to extrapolate empirical data to countries without prevalence data. Country-specific numbers of liver cancer cases attributable to HBV and HCV were calculated using data from GLOBOCAN 2012. Globally, 770,000 cases of liver cancer occurred worldwide in 2012, of which 56% (95% CI: 52-60) were attributable to HBV and 20% (95% CI: 18-22) to HCV. Currently, HBV causes approximately two out of three cases of liver cancer in less developed countries but one in four cases in more developed countries and shows a much higher degree of geographical aggregation in Eastern Asia and sub-Saharan Africa than HCV. These estimates help set priorities for liver cancer prevention. High-coverage HBV vaccination will be transformational in HBV-endemic countries but the prevention of HCV transmission and the treatment of chronic carriers of both viruses requires new scalable solutions.
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Liver cancer is the second most common cause of cancer death worldwide after lung cancer. 1 Most primary liver tumors are hepatocellular carcinoma (HCC) with the exception of some areas of South-Eastern Asia where intrahepatic bile duct cancer is also common due to the endemic presence of liver flukes. 2 Several risk factors for the development of HCC have been identified: among these, chronic infections with hepatitis B and C viruses (HBV and HCV) are largely predominant, although their relative contribution shows important geographical variations. 3 Other risk factors include alcohol consumption, cigarette smoking, diabetes, overweight and aflatoxin B1. 4, 5 As part of an ongoing project to estimate the global burden of cancer attributable to infections, we estimated the number of incident liver cancers attributable to HBV and HCV worldwide. Our findings have been briefly summarized in an article on the global burden of cancer attributable to all carcinogenic infections. 6 Here, we report estimates for HBV and HCV in fine-grained detail. In particular, we give estimates of the attributable fraction (AF) and its confidence interval (CI) for individual countries and a summary of the incidence of liver cancer due to HBV, HCV and other causes globally, by geographic region and development status.
Methods
Estimates of the burden of liver cancer due to HBV and HCV were obtained by combining three data sources: prevalence estimates of HBV and HCV in HCC cases; relative risks of HCC given HBV and HCV infection; incidence of liver cancer in each country in the two sexes combined. Data on the prevalence of HBV and HCV in HCC come from a systematic review including 119,000 cases in 260 studies published between 1989 and 2014 covering 50 countries. 7 Eligible studies had seroprevalence data on hepatitis B surface antigen (HBsAg) and anti-HCV antibodies in at least 20 HCC cases. Cases were classified as one of HBVonly, HCV-only, dual infection or no viral involvement. For countries with sufficient data to give separate prevalence estimates for the periods before and after the year 2000, only data from the latter period were used in the current analysis.
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A statistical model was fitted to the prevalence data. See Supporting Information, Methods S1 for details. Briefly, a multinomial regression model was used with a separate intercept for nine geographical regions. Random effects at two levels represented variation in prevalence between countries within the same region and variation between different studies in the same country. This model was then used to extrapolate prevalence estimates in countries with no data. This model has two key features. First, the use of a multinomial outcome with four levels (HBV-only, HCV-only, dual infection or no infection) avoids making strong assumptions about the relationship between HBV prevalence and HCV prevalence, or about the proportion of joint infections. Second, the use of random effects accounts for the observed sources of variation in the prevalence data. This variation is fully accounted for in the extrapolation to countries with no prevalence data and is incorporated into the confidence intervals for the country-specific and regional AF estimates.
No HBV and HCV prevalence data in cases were available for Oceania in our review. 7 For New Zealand, we used a prevalence study that did not meet the standards for our systematic review but provided data on HBV prevalence. 8 For
Australia and for countries in Melanesia, Micronesia and Polynesia, no data were available and therefore we do not present results for these countries.
Estimates of HBV and HCV prevalence were combined with a risk model for HCC to obtain AF estimates for each of 184 countries using the formula of Bruzzi et al. Relative risk (RR) estimates of 23.4 (95% CI 17.2-31.7) for HBV-only and 27.6 (95% CI 19.8-38.4) for HCV-only were obtained from a systematic review and meta-analysis of HCC. 10 For joint infection, an additive excess relative risk model was assumed, that is, an RR of 23.4 1 27.6 2 1 5 50, consistent with the RR of 51.1 (95% CI 33.7-77.6) for joint infection reported by the above meta-analysis. 10 Under this model, attributable fractions are additive, so that attributable cases can be partitioned exactly between HBV and HCV. 11 The 95% CIs for these AFs combine the uncertainty in the prevalence estimate and the RR estimates.
Country-specific AF estimates were multiplied by estimated numbers of cases of liver cancer from GLOBOCAN 2012 1 to give the estimated number of cases attributable to HBV and HCV in each country. GLOBOCAN is a periodic series of estimates of cancer incidence and mortality worldwide for 27 major cancers and 184 countries worldwide based on best available data on cancer incidence and mortality at the national level. For details of the methodology, see Ferlay et al. 12 GLOBOCAN does not provide specific incidence estimates for HCC (International Classification of Diseases -ICD-10 code C22.0). We use the GLOBOCAN estimates for cancer of the liver and intrahepatic bile ducts (C22) on the basis that the vast majority of these will be HCC. Estimates of attributable incidence of HCC were aggregated by geographic region and by development status. The human development index (HDI)-a composite indicator of education, gross domestic product per person and life expectancy-was used to classify countries as "less-developed" (low and medium HDI) or "more developed" (high and very high HDI). 13 As GLOBOCAN provides only a point estimate of cancer incidence without a quantitative assessment of uncertainty, it was not possible to account for the full uncertainty in the estimated number of cases attributable to HBV and HCV. These are therefore presented without 95%CIs.
What's new?
To facilitate priority setting for liver cancer prevention, more data are needed on attributable causes of liver malignancy. Here, the prevalence of hepatitis B virus (HBV) and hepatitis C virus (HCV) in hepatocarcinoma was determined based on systematic review of data from 50 countries, with liver cancer cases attributable to the viruses calculated using GLOBOCAN 2012 data. The results show that of 770,000 liver cases reported in 2012, more than half were attributed to HBV, while one-fifth were associated with HCV. The contribution of the two viruses to liver cancer varied significantly by development status and region.
To show the burden of HBV and HCV in liver cancer at a country level, two sets of world maps were produced. The first set ( Fig. 1 ) presents estimated AFs separately for HBV (1a) and HCV (1b). The second set (Fig. 2) shows age standardized incidence rate (ASR) for liver cancer attributable to HBV (2a) and HCV (2b) and liver cancer attributable to other causes (2c), when cancers attributable to HBV and HCV have been removed. These encompass liver cancers attributable to other risk factors in the absence of HBV and HCV infection, such as alcohol, diabetes, obesity, metabolic syndrome, aflatoxin B1 and also liver flukes in endemic regions.
4,5

Results
Globally 770,000 cases of liver cancer occurred worldwide in 2012, of which 430,000 are estimated to be attributable to HBV and 150,000 attributable to HCV (Table 1) , corresponding to a global AF of 56% (95% CI: 52-60) and 20% (95% CI: 18-22) respectively. Distinct patterns are seen by development status. In less developed countries, where the majority of liver cancer cases occur, the AFs are 67% (95% CI 61-72) for HBV and 12% (95% CI 10-15) for HCV. In more developed countries, the AFs are 23% (95% CI: 20-27) and 44% (95% CI: 38-49) for HBV and HCV, respectively. Table 1 also shows the variation by geographic region. The highest AF for HBV is 69% (95% CI: 63-74) in Eastern Asia, a high-endemic area for the infection. High AFs for HBV are also observed for New Zealand (49%), sub-Saharan Africa (50%) and Western and Central Asia (46%), where the CIs are all consistent with over 50% of liver cancers being attributable to HBV. The highest AFs for HCV are in North Africa (79%: 95% CI 69-86) and Northern America (59%: 95% CI 37-79). Figure 1 shows the international variation in AF at the country level (the corresponding estimates and 95%CIs are given in the Supporting Information, Table S1 . The AF for HBV (Fig. 1a) shows a high degree of geographical aggregation: the AF for any given country is generally similar to its neighboring countries. In addition to the regional results highlighted in Table 1 , For HCV, the global geographical pattern is different (Fig. 1b) with less geographical aggregation, reflecting the different sources and timing of HCV Table S1 ). Figure 2 shows the variation in liver cancer ASR attributable to HBV (Fig. 2a), HCV (Fig. 2b ) and other causes (Fig.   2c) . Although based on AF in Figure 1 , Figure 2 also takes into account the enormous variation in country-specific liver cancer burden. Figure 2a shows the high ASR of liver cancer due to HBV in East and South-East Asia and in West Africa. Figure 2b shows that the highest ASR of liver cancer due to HCV (>7.5 per 100,000) is only found in Egypt and Mongolia, and the Lao People's Democratic Republic. Figure  2c shows that worldwide, except in Mongolia and South East Asia, 4 the ASR attributable to other causes also varies substantially but does not reach levels as high as those seen for HBV and HCV.
Discussion
We provide estimates of the global burden of liver cancer due to HBV and HCV, using a statistical model to extrapolate available prevalence data to countries with little or no empirical data. While there are many ways to do this extrapolation, the key advantage of using a statistical model is that the uncertainty of the extrapolation is incorporated into our final estimates of AF. This is reflected in the AF estimates for individual countries (Supporting Information, Table S1 ), where the 95%CIs are larger in countries for which HBV/ HCV prevalence data are not available. For example, 95%CIs for the AF in Mexico, where only one small prevalence study was included in the systematic review, are (5-40%) for HBV and (28-83%) for HCV, reflecting substantial uncertainty. Aggregate AF estimates such as those presented in Table 1 are estimated more precisely. Our results show the contrasting roles of HBV and HCV in less-developed and more-developed countries. Currently, HBV causes 2/3 cases of liver cancer in less developed countries but only 1/4 cases in more developed countries. HCV is a relatively less important cause of liver cancer in less developed countries where it causes 1/8 cases, but nearly 1/2 cases in more developed countries.
In contrast to other estimates of the disease burden based on prevalence of viral markers in the general population, [14] [15] [16] our estimates are based on prevalence in HCC cases. We consider that this is the best approach to estimate AF for carcinogenic infections for two reasons. First, unselected consecutive HCC cases are more likely to represent the current picture of the disease in a given area than surveys undertaken in population samples, which are often biased in unpredictable ways as they tend to oversample low-risk (i.e., pregnant women, blood donors) or high-risk groups (e.g., prisoners, homeless people, injecting drug users or migrants from highrisk countries). Second, HBV and HCV are strong risk factors for liver cancer (RR >20 for both viruses), so the prevalence in cases is a good approximation of the AF when using the formula conceived for case-control studies 6 (see Methods). Figures 1 and 2 show two different but equally important ways to summarize the worldwide variation in liver cancers attributable to HBV and HCV. The AFs shows the relative importance of HBV and HCV without reference to the incidence of liver cancer, whereas the attributable ASRs allow international comparison of liver cancer burden by cause after allowance for population age structure. The complementarity of the two approaches can be appreciated, for instance, in North Africa. Although HCV is a relatively important cause of liver cancer across the whole of North Africa (Fig.  1b) , it only causes a huge burden of liver cancer in Egypt (Fig. 2b) due to the very high number of individuals who acquired HCV during mass-injection campaigns against Schistosoma haematobium in previous decades. Similarly, 50% AF for HBV is associated with an enormous HCC burden in East Asia and sub-Saharan Africa. The interpretation of the high ASR estimates attributable to causes other than HBV and HCV is obviously more difficult. Notably the highest ASRs for liver cancer due to other causes (ASR > 6.0/100,000) are typically found in HBV-endemic regions of Asia and Africa. In these countries, it only takes a small underestimation of the AF for HBV to inflate ASRs from other causes. Indeed, occult HBV infection may lead to an underestimation of the AF for HBV based on HBsAg prevalence. In addition, in South East Asia, China and the Republic of Korea, liver cancer includes a high fraction of cholangiocarcinoma and an ill-measured fraction of HCC caused by liver flukes. 4 In more developed countries, although the ASRs for liver cancer attributable to causes other than HBV and HCV do not surpass 3/100,000 (with the exception of Finland), efforts to diminish alcohol consumption and stop the rises in obesity and diabetes would prevent a non-negligible number of liver cancers in addition to many other related morbidities.
Despite a comprehensive literature review, we were unable to identify HBV and HCV prevalence data in HCC cases for many countries in Eastern Europe, Central Asia, Oceania and Africa ( Supporting Information, Fig. S1 ). The almost complete lack of data from Oceania, where limited data were available only for New Zealand, meant that we could not apply the model to extrapolate from countries with data to those without data in this region. Australia has a national hepatitis surveillance program that provides population prevalence data, 17 and this has been used to estimate AFs for liver cancer in Australia of 16% for HBV and 19% HCV with a joint AF of 34%. 18 The AF for HBV is comparable with our estimates for Europe and North America, but the AF for HCV is somewhat lower (Fig. 1) .
Even when case series are available for HBV and HCV prevalence, there are still issues of generalizability. In some countries, case series originated from hospitals covering mainly urban areas (i.e., in France) or a small fraction of the country (i.e., in the Russian Federation). It is also possible that high-risk populations such as migrants originating from HBV-endemic areas or injecting drug users at high risk of HCV infection were under-represented in some HCC case series. A last caveat concerns international variations in the quality of HCC diagnosis: the typical precursor, cirrhosis, may lead to an early HCC diagnosis in more developed countries or to death prior to the identification of HCC in less-developed countries. This report therefore underscores the need for better national and subnational cancer data to inform on the current public health impact of HCV and HBV epidemics. Statistical modeling is no substitute for collecting accurate data.
The aim of our statistical model is to be as parsimonious as possible, while accounting for the observed variation in the prevalence data. An important simplifying assumption in our model is that the relative risks for HBV and HCV infection are constant worldwide. The relative risk estimates come from a random-effects meta-analysis of 22 epidemiological studies of HCC that measured both HBV and HCV. 10 The authors of this meta-analysis tested for heterogeneity in the relative risks of monoinfection. They reported p values of 0.81 for heterogeneity by time, 0.83 by study design and 0.026 by geographical area for HBV-only. The heterogeneity p values for HCV-only were 0.70, 0.33 and 0.022, respectively. The heterogeneity by area was largely driven by a single study of US army veterans (the only study from the US) in which 47% of cases had alcoholic cirrhosis 19 and therefore alcohol was an important competing risk.
A second simplifying assumption is that our model does not include any national-level predictor variables, such as gross domestic product, prevalence of obesity or average alcohol consumption. The primary reason for not including these predictor variables is that they are general population statistics, whereas our outcome is prevalence in HCC cases. We do not think it is generally appropriate to mix these data from two different populations in the same model. Two potentially useful predictor variables are the estimated prevalence of HBV and HCV in the general population. For example, it is plausible that HBV prevalence in cases is higher in countries where HBV is endemic and this could be used to improve the extrapolations from our model. Nevertheless, we decided not to use this auxiliary information in our model. We wanted our estimates to be independent of and complementary to, previous estimates of the HBV and HCV burden. It is also important to consider the long latency of HCC when comparing prevalence of HBV and HCV in HCC cases versus the general population. As our estimates are based on prevalence in HCC cases, they reflect the causes of liver cancer present 20-40 years ago, whereas current prevalence of HBV and HCV in the general population is indicative of the future disease burden. This is of special importance for the evolution of HCV-related liver cancer as trends in HCV transmission in less developed countries and the universal implementation of anti-HCV treatment are not easily predictable.
In September 2015, the United Nations General Assembly adopted the 2030 Agenda for Sustainable Development, of which one important goal is to eliminate viral hepatitis as a public health threat by 2030. 20 For HBV-attributable liver cancer, declines will certainly derive from the highly effective vaccination campaigns that have gained ground in less developed countries as the early 2000s. In 2015, WHO estimates that 84% of infants received at least 3 doses of hepatitis B vaccine, and 39% of newborns received the recommended birth dose. 21 However, safe injection practices and blood donation control for HCV lag behind in some less developed countries, 21 and HBV and HCV screen-and-treat interventions have not been implemented sufficiently anywhere. The success of treatments against HBV and HCV, will largely depend, as it has been seen for antiretroviral therapy, on the affordability of antiviral drugs, the simplification of treatment and monitoring protocols, and the capacity of individual countries to identify, reach and treat the vulnerable populations.
